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In addition to café-au-lait pigmentation patterns and
hyperendocrinopathies, fibrous dysplasia of bone is
a major finding in the McCune-Albright syndrome.
Activating missense mutations of the Gsa gene lead-
ing to overactivity of adenylyl cyclase have been iden-
tified in patients with McCune-Albright syndrome,
but the mechanism leading to the specific develop-
ment of fibrous dysplasia in bone has not been eluci-
dated. By means of specific peptide antisera and re-
verse transcriptase polymerase chain reaction in situ
hybridization, we show that expression of Gsa and its
mRNA is critically up-regulated during maturation of
precursor osteogenic cells to normal osteoblast cells
and that this pattern of expression is retained in
fibrous dysplasia. A functional characterization of fi-
brous dysplastic tissues revealed that the fibrotic ar-
eas consist, in fact, of an excess of cells with pheno-
typic features of pre-osteogenic cells, whereas the
lesional bone formed de novo within fibrotic areas
represents the biosynthetic output of mature but ab-
normal osteoblasts. These cells are noted for peculiar
changes in cell shape and interaction with matrix,
which were mimicked in vitro by the effects of excess
exogenous cAMP on human osteogenic cells. Osteo-
blasts involved with the de novo deposition of le-
sional bone in fibrous dysplasia produce a bone ma-
trix enriched in certain anti-adhesion molecules
(versican and osteonectin), and poor in the pro-ad-
hesive molecules osteopontin and bone sialoprotein,
which is in contrast to the high levels of these two
proteins found in normal de novo bone. Our data
indicate the need to reinterpret fibrous dysplasia of
bone as a disease of cells in the osteogenic lineage,

related to the effects of excess cAMP on bone cell
function. They further suggest that a critical, physio-
logical, maturation-related regulation of Gsa levels
makes cells in the osteogenic lineage a natural target
for the effects of mutations in the Gsa gene and may
provide a clue as to why bone itself is affected in this
somatic, mutation-dependent disease. (Am J Pathol
1997, 151:1587—1600)

McCune-Albright syndrome (MAS) is a genetic, noninher-
ited disease, defined by the triad of café-au-lait skin
pigmentation, hyperfunctional endocrinopathies includ-
ing precocious puberty, and polyostotic fibrous dyspla-
sia."” The latter commonly causes deformity of affected
skeletal segments, such as the typical shepherd’s crook
deformity of the femur, facial asymmetry, and/or bowing
of tibia and ribs. Fibrous dysplasia of bone is commonly
described and interpreted as the substitution of normal
bone by an immature, disorganized fibro-chondro-osse-
ous tissue, due to an overgrowth of primitive mesenchy-
mal cells. However, the pathogenesis of fibrous dysplasia
of bone has never been defined in more stringent, mech-
anistic terms. Activating missense mutations in the gene
coding for the a-subunit of Gs protein have been identi-
fied in MAS.® ® Substitution of either Cys or His for Arg at
position 201 in the Gsa subunit leads to the loss of
GTPase activity of Gsa and, as a consequence, to in-
creased stimulation of adenylyl cyclase and overproduc-
tion of cAMP. This somatic mutation has been demon-
strated in a variety of tissues from patients with MAS,
including bone,>'° and also in samples from the mono-
stotic form of fibrous dysplasia. '°~'2
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Table 1. Summary of Patient Information

Patient Age (years) Sex Site Mutation Reference

1 17 M Femur, rib, vertebra Cys 3 (case 2)
(archival)

2 17 M Site unknown His 5 (case 3)
(archival)

3 6 F Occiput (archival) Not determined

4 8 F Femur, maxilia His Determined from blood
(archival)

5 10, 12 F Maxilla (archival and His Determined from blood
new specimen)

6 6, 11, 19 F Femur (archival) His Determined from ovary

M, male; F, female.

The recognition of Gsa mutations as the underlying
genetic defect has clarified the pathophysiology of MAS
to different extents in other organ systems. Overproduc-
tion of cAMP in endocrine tissues, for example, provides
a straightforward clue to the endocrine hyperfunction that
occurs in MAS. In contrast, the pathway by which over-
activity of adenylyl cyclase leads to the generation of
fibrous dysplasia in bone is still unknown due to the
complex cellular composition of bone tissue. Potential
abnormalities in bone cell function brought about by
these mutations must be recognized to dissect the mech-
anisms underlying the development of fibrous dysplasia.

In this study, we show that the entire spectrum of tissue
changes observed in fibrous dysplasia of bone reflects a
dysregulation of osteogenic cells. An expansion of the
compartment of osteoprogenitor cells accounts for the
development of fibrotic areas, whereas distinctive, newly
identified abnormalities in the differentiated function of
mature osteoblasts lead to deposition of abnormal bone.
We also show that differentiation of mature osteoblasts
from osteoprogenitor cells involves an up-regulation of
Gsa both in normal osteogenic tissues and in fibrous
dysplasia and that changes observed in osteogenic cells
in situ can be modeled in vitro as the effects of excess
CAMP.

1)

Materials and Methods

Patients

Six cases of MAS were the subject of this study and were
collected as part of an Internal Review Board-approved
National Institutes of Health protocol (protocol 96-DK-
0055). A summary of relevant clinical data is given in
Table 1. In two of the six cases, an activating mutation of
the gene encoding the a-subunit had been previously
reported™®; three were determined but not previously
reported (Shenker, unpublished results), and in one pa-
tient, the mutation has not been determined (patient 3).
The mutations were determined using polymerase chain
reaction (PCR) and allele-specific oligonucleotides.®*®

Tissues

Fresh surgical specimens of bone lesions were obtained
from one patient who underwent corrective surgery (pa-

tient 5). Samples from this specimen were briefly fixed in
4% phosphate-buffered formaldehyde (overnight at 4°C),
decalcified in 10% EDTA (pH 7.0), and embedded in
paraffin or glycol methacrylate for histology. Archival par-
affin blocks of decalcified tissue from the remaining five
patients were also available. Sections were studied by
both light and polarized light microscopy using a Zeiss
Axiophot.

Alkaline Phosphatase Activity

Undecalcified tissue was embedded in low-temperature
glycol methacrylate as described previously™ to pre-
serve alkaline phosphatase activity. One-micron-thick
sections were used for alkaline phosphatase activity us-
ing a simultaneous coupling azo dye method as de-
scribed.™®

Immunohistochemical Detection of Bone Matrix
Proteins and Gsa

Rabbit antisera' against human versican (VSN; LF99),
human decorin (DCN; LF30), human biglycan (BGN;
LF15), human usleoneclin (ON; HON), human osteopon-
tin (OP; LF123), and human bone sialoprotein (BSP; LF6)
were used at a dilution of 1:200 in 0.1% bovine serum
albumin (BSA)/phosphate-buffered saline (PBS). All anti-
sera were used in an indirect immunoperoxidase proto-
col. Briefly, deparaffinized sections (5 um thick) were
exposed to 3% hydrogen peroxide for 30 minutes to
inhibil endogenous peroxidase aclivily, washed in PBS,
and incubated with a 1:10 dilution of normal goat serum
for 30 minutes before exposure to primary antisera. Incu-
bation time with primary antisera was for 2 hours at room
temperature. After washing in 0.01% Triton X-100/PBS,
the sections were incubated with a 1:100 dilution of a
peroxidase-labeled, goat affinity-purified anti-rabbit IgG
antibody (Kirkegaarde and Perry, Rockville, MD) for 30
minutes. Immunoreactivity was revealed using the 3',3'-
diaminobenzidine reaction.

Details of the production, characterization, and affinity
purification of antibody RM/7, raised against human Gsa,
were previously published.’® A second antibody (LF129)
was generated against the synthetic peptide CDLLRCH-
VLTS, corresponding to amino acids 196 to 205 of the



mutant (R201H) Gsa. The peptide was conjugated to
LPH (hemocyanin from horseshoe crab; U.S. Biochemi-
cal, Cleveland, OH) by SulfoMBS (Pierce, Rockford, IL)
and used for immunization in a previously described
protocol.'* Although raised against a mutant sequence,
this antibody was determined to recognize normal Gsa
as demonstrated by staining of Gse in tissues from nor-
mal donors. To determine specificity of this staining pat-
tern for Gsa, primary antibodies (LF129) were blocked
with LPH-conjugated Gsa peptide (0.05 ug/ul) at 4°C
before incubation with tissue sections. Sections stained
with an antibody against an irrelevant peptide (derived
from serglycin, a mast cell proteoglycan) conjugated to
LPH were negative. Similar blocking experiments were
carried out with antibody RM/7 and the relevant peptide
immunogen. By Western blotting, LF129 was found to be
nonfunctional (as there was no reactivity with any proteins
solubilized from cell layers of mature normal human tra-
becular bone cells), indicating that the epitope(s) are
sensitive to the denaturing conditions used for gel elec-
trophoresis. Both antisera were thus suited to assess the
distribution of Gsa in normal osteogenic tissues and in
fibrous dysplasia by immunohistochemistry and were
used for this purpose. Sections of human fetal long bones
from archival paraffin blocks were used to investigate the
distribution of Gsa in normal subperiosteal bone forma-
tion, in which the normal progression of precursor osteo-
genic celis to mature osteoblasts is readily recog-
nized.'®17 Antibady RM/7 was used at a 1:50 dilution (30
wng/ul), and antibody LF129 was used at a 1:200 dilution
in 0.1% BSA/PBS.

Expression of Gsa by Reverse Transcriptase
(RT)-PCR/in Situ Hybridization

A 300-bp sequence in the a-subunit gene was chosen as
the target for PCR amplification. A 5" oligonucleotide
primer was designed based on the normal sequence of
exon 8 of the Gsa gene, and the 3’ reverse primer was
complementary to a sequence in exon 11. The RT-PCR
primer sequences used were as follows: 5'-GACCTGCT-
TCGCTGCCG and 5'-TCTTGCTTGTTGAGGAACAG (re-
verse).

Specificity of the primer set for Gsa was verified by
liquid-phase PCR followed by restriction enzyme diges-
tion (BamHl) and agarose gel electrophoresis.

Tissues used for RT-PCR in situ were fixed in 4% buff-
ered formaldehyde, decalcified in a 10% neutral solution
of ENTA, and embedded in paraffin. After deparaffiniza-
tion, sections (5 um) were digested with proteinase K (10
wpg/ml) for 15 minutes at 37°C. Reverse transcription of
Gsa mRNA and amplification of cDNA were performed in
the same reaction using the rTth DNA polymerase EZ
buffer pack kit (Perkin Eimer, Norwalk, CT) according to
the manufacturer’s instructions. The reaction mixture con-
tained 0.1 U/ml rTth DNA polymerase, 2.5 mmal/L
Mn{OAc),, 0.3 mmol/L each dNTP, and 1.5 umol/LL each
primer. Reverse transcription and amplification were per-
formed in a single reaction, which was carried out at 60°C
for 30 minutes (reverse transcription), followed by 20
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cycles of denaturation at 94°C for 45 seconds, annealing
of primer and template at 55°C for 15 seconds, and
extension at 60°C for 60 seconds. Subsequently, the
reaction was continued at 60°C for 5 minutes to ensure
completeness of the last extension reaction. After the
RT-PCR step, sections were hybridized with a 300-bp
cDNA probe obtained by PCR from an osteoblastic li-
brary using the primers specific for Gsa and labeled with
digoxigenin-dUTP for nonradioactive in situ hybridization.
The hybridization was performed at 42°C in a mixture
containing 50% formamide, 1X Denhardt’s solution, 5%
dextran sultate, 200 mg/ml sheared and denatured
salmon sperm DNA, 4X standard saline citrate (SSC),
and 1 ng/mi probe. The cDNA probe was denatured by
heating the sections at 95°C for 6 minutes. For digoxige-
nin immunodetection of the hybrids, alkaline-phos-
phatase-conjugated anti-digoxigenin (Fab’) antibody
was applied at a 1:500 dilution for 2 hours at room tem-
perature. The sites of binding of the antibody were visu-
alized by a chromogen solution containing 0.5 mg/mi
nitroblue tetrazolium, 0.18 mg/ml X-phosphate, and 1
mmol/L levamisole. Specificity was determined by using
sections in which either the enzyme or the primers had
been omitted from the reaction step.

In Situ Hybridization of Osteonectin mRNA

A 243-bp ON cDNA probe was synthesized and labeled
in a standard PCR reaction using the DIG-DNA labeling
kit (Boehringer Mannheim, Indianapolis, IN). The follow-
ing oligonucleotide primers were used: 5'-GTGGAAG-
TAGGAGAATTTGA-3' (forward, exon 4) and 5'-GCACTT-
TGTGGCAAAGAAGT-3’ (reverse, exon 6).

RT-PCR in situ hybridization was performed on forma-
lin-fixed, paraffin-embedded tissue. After deparaffiniza-
tion, sections were digested with 10 pg/m! proteinase K
(Boehringer Mannheim) for 15 minutes at 37°C, washed
in 0.1 mol/L glycine in PBS, and hybridized with the cDNA
probes at 42°C. The hybridization mixture contained 50%
deionized formamide, 1X Denhardt’s solution, 5% dex-
tran sulfate, 200 mg/ml! salmon sperm DNA, 4X SSC, and
1 ng/ul probe. The cDNA probe was denatured by heat-
ing the sections at 95°C for 6 minutes. After hybridization,
the sections were washed once with 2X SSC and two
times with 0.2X SSC for 20 minutes at 50°C. Immunode-
tection of the hybrids was performed as described
above.

Effects of cAMP on Osteogenic Cells in Vitro

Rat fetal osteoblasts were isolated from calvariae of day
16 rat fetuses by sequential digestions of 20, 40, and 90
minutes with type IV collagenase (1 mg/mi; Sigma, St.
Louis, MO) and trypsin (0.25%) at 37°C. Cells from the
third digestion were plated in 35-mm culture dishes at a
density of 0.5 x 10* cells/dish and grown to confluence in
Dulbecco’s modiied minimal essential medium supple-
mented with 10% fetal calf serum, 2 mmol/L glutamine,
100 U/ml penicillin, and 100 mg/ml streptomycin (Sigma
Chemical Co., St. Louis, MQO), at 37°C in a 5% CO,
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atmosphere. First-passage cells were seeded onto cov-
erslips and, when confluent, incubated in serum-free me-
dium for 16 hours before use

Normal human trabecular bone cells were prepared
from pieces of normal bone under IRB-approved proce-
dures as described previously.'® Briefly, fragments of
trabecular bone were minced to the consistency of sand
and treated with bacterial collagenase (250 U/mi colla-
genase P; Boehringer Mannheim) to remove soft tissue
and associated cells. The collagenase-treated fragments
were placed in low-calcium nutrient growth medium con-
taining a 50:50 mixture of Dulbecco’'s modified minimal
essential medium/HF12K, with 10% fetal bovine serum,
glutamine, penicillin, and streptomycin. Medium was re-
placed three times per week. Cells grew out from the
fragments after approximately 1 to 2 weeks and became
confluent within 4 to 6 weeks.

When confluent, both rat and human cultures were
incubated in serum-free medium for 16 hours before use.
Subsequently, they were treated with 1 mmol/L dibutyryl
cyclic AMP (db-cAMP) for 2 hours. Control cultures were
left untreated in serum-free medium.

Results

Osteogenic Nature of Fibroblastic Cells in
Fibrotic Areas

To characterize the phenotypic properties of fibroblast-
like cells in fibrotic areas of fibrous dysplasia, we inves-
tigated the expression of known histological markers of
osteogenic cell differentiation. One-micron-thick glycol
methacrylate sections cut from tissue blocks processed
at low temperature were used to assess the distribution of
alkaline phosphatase activity, a hallmark of cellular com-
mitment to the osteoblastic lineage."”'® Cells located
within the fibrous tissue as well as cells associated with
bone surfaces exhibited distinct plasma-membrane-as-
sociated activity (Figure 1A). The cells within fibrous tis-
sue were noted for their branched, stellate morphology,
clearly outlined by the reaction product. Comparable
paraffin sections were used to assess the expression,
within the fibrous tissue, of bone proteins expressed dur-
ing osteogenic cell differentiation and maturation. A felt-
like network of immunoreactive structures, interpretable
as cell processes and/or extracellular matrix structures,
was revealed by immunolabeling for the large proteogly-
can VSN and the small proteoglycans DCN and BGN
(BGN not shown; Figure 1, B and C). Fibroblastic cells
consistently displayed intracellular labeling for ON (Fig-
ure 1D) and occasional labeling for OPN (Figure 1E).
They were consistently negative for the late marker of
osteogenic cell maturation, BSP (Figure 1F). These data

indicate that fibroblast-like cells in fibrotic areas of fibrous
dysplasia, like committed osteogenic precursors and un-
like soft tissue fibroblasts, exhibit high levels of cell-
surface-associated alkaline phosphatase activity. Bone-
related proteins associated with early stages of
osteogenic cell maturation (VSN, DCN, BGN, and ON),
are also expressed in these cells, whereas bone-related
proteins associated with late stages of osteoblast matu-
ration (particularly BSP) are not expressed. These data
indicate that fibroblast-like cells of fibrous dysplasia
share some phenotypic features with osteoprogenitor
cells of normal osteogenic tissues.

Structural and Cellular Changes at Bone
Formation Sites

It is commonly reporled lhal bone lrabeculae found in
fibrous dysplastic lesions consist characteristically of
woven bone.? This type of bone exhibits a haphazard
orientation of loosely textured collagen fibers and is
usually found at sites of de novo bone formation in
normal osteogenesis. In contrast, normal human sec-
ondary (ie, after remodeling) bone is characterized by
a lamellar organicalion of collagen fibers.?" By study-
ing all of our samples using polarized light microscopy,
we found that bone trabeculae found within fibrous
dysplasia were in fact heterogeneous in structure. Al-
though typically made of woven bone in some areas,
bone trabeculae found within the fibrotic tissue were
clearly lamellar in others and merged with normal la-
mellar (compacl or trabecular) bone toward the edges
of the lesions. These lamellar trabeculae usually
showed evidence of exiensive bone resorption. Polar-
ized light microscopy thus provided an easy means for
distinguishing normal, pre-existing lamellar bone tra-
beculae (Figure 2A), which became partially resorbed
and then entrapped within fibrous dysplasia, from ab-
normal trabeculae lormed de novo within fibrous dys-
plastic tissue and representing true lesional bone
(completely woven in structure; Figure 2B).

Further observation of the newly formed, lesional
bone revealed additional characteristic changes in
bone structure and in bone cell morphology (Figure 3).
As best demonstrated by either polarized light or dif-
ferential interference conlrast (DIC) microscopy, the
deposition of bone collagen bundles was noted to
occur perpendicular to the forming bone surface in-
stead of parallel as usually observed in both normal
woven and lamellar bone. This resulted in a combed
appearance of the forming bone surfaces (Figure 3A).
A prominent retraction of osteoblast cell bodies, some-
times resulting in pseudo-lacunar spaces lining the

Figure 1. Expression of bone-related proteins by fibroblastic cells within dysplastic lesions of MAS. Cells associated with bone surfaces (not shown) as well as
retracted cells and cells within fibrous tissue exhibit distinct plasma membrane-associated alkaline phosphatase activity (A). The cells within fibrous tissue were
noted for their branched, stellate morphology, clearly outlined by the reaction product (small arrows). As revealed by immunolocalization on comparable paraffin
sections, these cells (large arrows ) as well as a felt-like network of immunoreactive structures, interpretable as cell processes and/or extracellular matrix structures
(asterisk), were revealed when stained for the proteoglycans (VSN; B) and decorin (DCN; C). Staining of cell bodies only (large arrows) was observed when
comparable sections were stained for ON (D) and to some extent for OPN (E). Neither cells nor matrix were found to stain for BSP (F). Glycol methacrylate section

(A) and paraffin sections viewed with Nomarski optics (B); magnification, X125,
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CHARACTERIZATION OF FIBROBLASTIC CELLS
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A. Lamellar Bone

B. Woven Bone

Figure 2. Polarized light microscopy of typical fibrous dysplasia lesions. Some trabeculae consisted entirely of typical lamellar bone (A), whereas others consisted
of woven bone (B). The former represent residual normal bone, whereas the latter represent bone tormed de novo within the lesion. Magnification, X 70.

trabecular surfaces was associated with this pattern of
collagen deposition (Figure 3B). An additional abnor-
mal feature of bone formation sites was given by the
occurrence of excess osteogenic cells crowding the
bone surfaces, resulting in the formation of a hypercel-
lular bone matrix with unusually large osteocytic lacu-

nae. These were often seen to accommodate several
osteocytes each and to outline a maze of spaces run-
ning through a trabecula (hyperosteocytic bone; Figure
3C) From these data, we concluded that distinct struc-
tural and cellular changes are found in lesional bone
formation sites in fibrous dysplasia.

~

A. Combing

B. Cell Retract

ABNORMAL CELL-MATRIX AND CELL-CELL INTERACTIONS IN LESIONAL TISSUE

ion

.

C. Hyperosteocytic Bone

Figure 3. Unique histological features of osteoblastic cells associated with de novo bone formation. Distinet changes in osteoblast shape, number, mutual
organization, and association with the extracellular matrix were a general finding in the newly formed, woven, lesional bone from all patients. Deposition of
collagen bundles was oriented perpendicular to a forming surface (small arrows) instead of co-lincar (a pattern we define as combed to note its peculiarity with
respect to woven bone; A). A prominent retraction of osteoblast cell body was apparent (large arrows), sometimes resulting in pseudo-lacunar spaces (asterisk)

lining the trabecular surf:

'es (B). The formation of unusually large osteocytic lacunae each accommadating several cells (open arrows) and outlining 1 maze of

spaces running through a trabecula (hyperosteocytic bone) was also a distinguishing feature (C). Magnification, X125 (A and B) and X100 (C).
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LAMELLAR BONE WOVENBONE
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F. BSP

Figure 4. Expression of bone matrix proteins in normal lamellar and fibrous dysplastic woven bone. The profile of matrix protein immunoreactivity seen in
pre-existing, lumellar (L) as compared with woven, newly formed bone (W) in tibrous dysplasia lesions is different. Immunoureactivity for ON was virtually absent
from lamellar bone (A) but prominent throughout the newly formed woven bone and associated osteogenic cells in the lesional tissue ( B). Immunoreactivity for
OPN was prominent in ostcoblastic cells and in lamellar bone (C) but was barely detectable botls in the cells and in the matrix in lesional woven bone (D). In
a similar fashion, BSP was also prominent in osteoblastic cells and in cement lines in lametlar bone (E) but undetectable in lesional woven bone (F). Note
reinforced laheling for OPN and BSP at cement Jines in lamellar bone (C and E. arrowheads). Magnification, X70 (A, C, and E) and X125 (B, D, and F).

trabeculae within MAS tissues. The bone matrix in lamel-
; lar entrapped bone was devoid of immunoreactivity for
Dysplasia ON but strongly immunoreactive for OPN and less uni-

We also investigated potential differences in the bone formly yet distinctly immunoreactive for BSP (Figure 4, left
matrix composition of normal, lamellar bone and iesional column). OPN and BSP were specifically enriched in the

Expression of Bone Matrix Proteins in Fibrous
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OSTEONECTIN EXPRESSION IN LESIONAL BONE

ON mRNA

Figure 5. Demonstration of endogenous production of ON. Immunolocalization of ON indicated that newly formed woven bone in dysplastic lesions was rich
in ON. As ON can be adsorbed from other sources, endogenous synthesis was demonstrated by localizing mRNA for ON using a specific ¢DNA probe. Serial
sections of a typical lesion (A) were used tor analysis. The probe hybridized strongly with mRNA in osteoblastic cells (arrows) in the process of depositing woven
bone within the lesional tissue (B). The cellular pattern is identical to the pattern observed by immunolocalization of ON (C), which also showed the deposition

of ON in bone matrix (M), Magnification, X70.

cement lines marking previous episodes of bone remod-
eling. This pattern was identical to the one observed in
normal compact and trabecular bone within nonlesional
areas in our tissue samples and in bone from unaftected
patients (not shown). In comparison, the bone matrix
seen in de novo, all-woven bone was prominently immu-
noreactive for ON and barely, if at all, immunoreactive for
OPN and BSP (Figure 4, right column). The cellular pat-
tern of distribution for the same proteins matched the
profile of matrix immunoreactivity with extremely promi-
nent staining of ON and weak or absent staining for OPN
and BSP. The cellular pattern of distribution of VSN in
abnormal bone mimicked closely the one observed with
antisera for ON. Unlike ON, however, VSN was not local-
ized within bone matrix (not shown). This cellular pattern
of staining is similar but not identical to the pattern found
in normal woven bone, where VSN and ON are found to
be expressed at high levels. However, in normal woven
bone, OPN and BSP are also found at high levels.'®
Consequently, the woven bone found in the lesion does
not contain the normal complement of bone matrix pro-
teins.

To further substantiate the findings that the high levels
of ON protein in lesional bone-forming cells was due to
endogenous synthesis, sections were used for in situ

hybridization experiments using an ON cDNA probe.
High levels of ON mRNA (Figure 5B) were found to match
the strong intracellular labeling of ON protein (Figure 5C).
Both ON mRNA and protein were prominent at sites of
cellular retraction.

Expression of Gsa in Normal and Fibrous
Dysplastic Tissues

We next investigated the distribution of Gsa in normal
osteogenic tissues and fibrous dysplasia to gain insight
into where altered Gsa activity may exert its influence in
the bone microenvironment (Figure 6). Sections of human
fetal long bones were immunostained using two different
sequence-specific peptide antisera. In such sections,
sites of subperiosteal bone formation provide a histolog-
ical model of osteogenic cell differentiation, in which
fibroblasts, pre-osteoblasts, and mature osteoblasts are
found in a spatially defined sequence.’®'” A very strong
signal was detected in mature osteoblasts associated
with forming bone surfaces and early osteocytes. Pre-
osteoblastic and fibroblastic cells residing next to the
mature osteoblasts in the periosteum displayed signifi-
cantly lower but detectable levels of signal. A similar
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IMMUNOLOCALIZATION OF Gso.

E. FD lesion - anti-Gsa. F. FD lesion - anti-Gso.

Figure 6. Localization of Gsa expression by immunohistochemistry. In arcas of de novo bone formation in developing human subperiosteal bone (A and B), the
expression of Gsa was determined using an antihody raised against a synthetic peptide (see Matetials and Methods). This antibody recognizes both normal and
mutated Gsa. Osteoblasts (medium arrows) on the newly formed bone are intensely stained whereas pre-osteoblastic cells (small arrows ) show a low level of
reactivity. In lesional tissue (C), a similar pattern is observed. Fibrous cells displayed a low level of reactivity (smalf arrows), and the osteoblastic layer (medium
arrows ) and newly embedded osteocytes (large arrow) were found to be highly reactive (D). Immunoreactive osteoblasts were also noted in areas of collagen
combing and cell retraction (E and F). H&E (C); Nomarski optics (B, E, and F); magnification, X175 (B), X125 (F), and X70 (C, D, and E).
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A. Osteoblasts and Osteocytes

B. Osteoclasts
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C. Perivascular Cells

Figure 7. Localization of Gsa mRNA by RT-PCR in situ hybridization. Expression of Gsa mRNA was determined by RT-PCR in siti hybridization as described in
Materials and Methods. Levels of signal for Gsa mRNA were not uniform in individual tissue components. Low levels were detected in fibroblastic cells (small
arrows ), and high levels were detected in ostcoblasts (medium arrows) and early osteocytes (large arrows) (A). Ostcoclasts (B) and cells associated with the
adventitia of blood vessels (C) were also found to express high tevels of Gsa mRNA. No reaction was observed in control sections when cither the primers or
the enzyme were omitted from the reaction mixture (not shown). Magnification, X250 (A), X125 (B), and X100 (C).

pattern of labeling was observed in sections of fibrous
dysplastic lesions. High levels of signal were also de-
tected in osteoblastic cells associated with the surface of
abnormal bone trabeculae and in early osteocytes, and
low levels were found in the fibroblast-like cells occupy-
ing the fibrotic areas. In addition, osteoclastic cells and
cells associated with the walls of small arteries were also
found to contain Gsa in both normal and abnormal tis-
sues (not shown). No signal was detected in control
sections incubated with antisera preadsorbed with the
relevant peptide. ldentical results were observed in scc-
tions in which Gsa mRNA was detected by RT-PCR in situ
hybridization (Figure 7), again with high levels detected
in osteoblasts, osteocytes, osteoclasts, and cells of the
adventitia of small blood vessels. We concluded that,
within sites of bone formation, expression and biosynthe-
sis of Gsa are characteristically higher in mature osteo-
genic cells (osteoblasts and early osteocytes) compared
with fibroblast-like cells, including osteogenic cells in a

pre-osteoblastic stage of differentiation. These data sug-
gest that Gsa is highly up-regulated during the transition
of osteogenic cells from a pre-osteoblastic to a fully ma-
ture osteoblastic phenotype.

Effect of cAMP on Osteoblastic Cell Shape in
Culture

As overactivity of adenylyl cyclase is a known conse-
guence of activating missense mutations in the Gsa
gene, we hypothesized that the altered cell shape of
bone-forming cells observed in the fibrous dysplasia le-
sions (Figure 8A) might directly reflect increased intra-
cellular levels of CAMP. Based on earlier evidence that
parathyroid hormone (PTH) or other stimulators of cAMP
formation can induce shape changes in osteoblastic cells
in rodent osteoblastic cell culture models,?? the effects of
db-cAMP on osteoblastic cultures were studied. Addition

Figure 8. Comparison of ccll retraction in fibrous dysplastic lesions in vivo to cell retraction induced by addition of ¢cAMP to osteoblastic cells in vitro. Cellular
retraction of osteoblastic cells in fibrous dysplastic lesions is a characteristic morphological feature (A) that may be linked to excess endogenously produced cAMP.
Similar changes in cell morphology were noted when contluent monolayers of rar calvarial cells (RCC) and primary human adult trabecular bone cells (NHTB)
were incubated overnight in serum-free conditions and subsequently treated with | mmol/L db-cAMP (B and D). On administration of db-cAMP in the absence

of serum, both human and rat osteoblastic cells assumed a retracted, stellate shape compared with control (C) The re

action was completely reversible by

removing the excess cAMP and further incubation. These changes were verified in three separate experiments. Magnification. X125.
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of db-cAMP caused a dramatic effect on rat calvarial
cells and normal human trabecular bone cells (Figure 8,
B and D). On administration of cAMP in the absence of
serum, cells assumed a retracted, stellate shape within
30 minutes compared with control (Figure 8C). This effect
was reversible, and cells resumed the original shape and
spreading on removal of the excess cAMP. Excess cAMP
in cultures of rat and human osteoblastic cells produced
a transient cell shape change that mimicked the shape of
osteoblastic cells observed in situ in MAS fibrous dyspla-
sia.

Discussion

Contrary to the general description in many textbooks
that fibrous dysplasia of bone represents an overgrowth
of nondescript fibrotic tissue with a secondary phenom-
enon of bony metaplasia, we show here that the devel-
opment of fibrous dysplasia of bone within the MAS re-
flects a complex derangement in the function of cells in
the osteogenic lineage, of which we have defined several
aspects, along with potential links to adenylyl cyclase
overactivity.

The fibrous component of the dysplastic lesion is in
fact composed of cells with features of early pre-osteo-
blastic, rather than fibroblastic, cells. As such, it is to be
distinguished from common fibrosis. We have shown that
cells populating the fibrotic areas of fibrous dysplasia
express alkaline phosphatase activity, which indicates
their relationship to the osteogenic lineage (of which al-
kaline phosphatase is the best known and earlicst mark-
er; reviewed in Ref. 21) and their divergence from
nonosteogenic fibroblasts. In addition to alkaline phos-
phatase activity, normal osteoprogenitor cells express
certain proteins found in bone matrix, including the large
proteoglycan VSN,?® the two small proteoglycans DCN
and BGN,?* and ON?® but do not express the late marker
of osteoblast differentiation, BSP."” Unlike mature osteo-
blasts, osteoprogenitor cells proliferate in vivo.'®2° Re-
cent data indicating increased expression of c-fos® and
cell proliferation'™ in heterogeneous cultures of cells
grown from fibrous dysplasia of bone may thus directly
reflect the local enrichment in osteoprogenitor cells (the
fibrosis) in the parent, lesional tissue.

Deposition of bone within fibrous dysplasia does not
represent metaplasia of fibrous tissue. As the fibrous
tissue itself consists of osteogenic cells, invoking a shift in
phenotype of fibroblasts comprising the fibrotic areas is
unnecessary. Besides, metaplasia is usually taken as an
explanation for the lack of morphologically recognizable
osteoblasts along the surfaces of bone trabeculae found
within fibrotic lesions. We have shown here that only
some of such trabeculae do in fact represent deposition
of lesional bone, whereas others are remnants of pre-
existing, normal bony structures, recognized by their ma-
ture lamellar structure. Unlike these residual, nonlesional
structures, true lesional bone is the product of recogniz-
able abnormal osteoblasts, which differentiate within the
fibrous dysplastic tissue. These cells deposit an abnor-

mal bone matrix with distinct structural features and
chemical composition.

With respect to the structural features, bone-forming
cells associated with the deposition of new, lesional bone
display retracted cell bodies and deposit abnormally ori-
ented collagen bundles onto forming surfaces (comb-
ing). As collagen orientation in bone reflects the orienta-
tion of the cell body of osteoblasts?' deposition of
collagen bundles running perpendicular to the forming
surface is easily correlated to the retraction of the osteo-
blast cell body. This pattern of collagen and osteoblast
orientation, consistently observed in all samples of fi-
brous dysplasia, is not known to recur in other bone
diseases, and it is not observed at zones of transition
between mineralized and soft tissues under normal con-
ditions. Interestingly, however, a somewhat similar pat-
tern of collagen orientation (so-called Sharpey fiber
bone) is known to become established at certain anatom-
ical sites (insertion of tendons and periodontal ligament
and cranial sutures), where specific tensile strain pat-
terns are reflected in collagen orientation perpendicular
to the hone surfaces

As to the biochemical composition, the enrichment of
ON and the low levels of OPN and BSP distinguish le-
sional bone from pre-existing lamellar trabeculae. The
matrix composition of lesional bone reflects levels of pro-
tein expression in the associated osteoblasts, as shown
here by immunostaining and in situ hybridization data.
Overall, the profile of matrix protein expression found in
osteoblasts involved with the de novo deposition of le-
sional bone differs from the profile seen in normal de novo
bone formation. Under normal conditions, de novo bone
formation is in fact associaled with high levels of VSN and
ON, but also, and characteristically, with OPN and
BSP.2527 VSN and ON are reported to be associated with
loss of cell-matrix adhesion and changes in cell shape,
respectively, and are sometimes referred to as anti-ad-
hesins. In contrast, OPN and BSP are known ligands of
bone cell-surface-associated integrins and effectively
promote cell adhesion in in vitro models.?®2® Therefore,
the composition of the matrix produced by abnormal
osteoblasts is shifted toward molecules favoring cell
shape changes and opposing cell adhesion. Current
data indicate that Gsa mutations are found in bone le-
sions and in cells grown in culture from bone lesions of
patients with MAS.®~'° We have for the first time localized
Gsa and its cognate mRNA in osteogenic tissues and
shown that mature osteoblasts exhibit distinctly higher
levels of their expression compared with osteogenic pre-
cursor cells. This suggests that the terminal maturation
and the differentiated function of osteogenic cells (that is,
the development of mature osteoblasts and the deposi-
tion of a normal mineralizing bone matrix) are critically
associated with Gsa function and its regulated expres-
sion. In itself, this observation may provide a clue as to
why bone is particularly susceptible to pathological
changes related to Gsa mutations.

A comparison of normal and fibrous dysplastic tissues
shows that this pattern of expression of Gs« is retained in
fibrous dysplasia, where low levels of Gsa are found in
osteogenic precursor cells of fibrotic areas and high




levels are found in mature, abnormal osteoblasts. Our
data do not provide direct evidence, in histological terms,
for the precise identity and frequency of cell types bear-
ing the activating Gse mutation in bone lesions. However,
it is reasonable to postulate that an up-regulation of the
expression of mutant Gsa in mature osteoblasts would
result in a large excess of CAMP. All of the structural and
biochemical abnormalities that we observed in mature
bone-forming cells in fibrous dysplasia can in fact be
related to the effects of excess cAMP.

The distinctive retraction of the osteoblast cell body
observed in situ was directly modeled in our experiments
using normal human osteoblastic cells and db-cAMP. In
these experiments, cell retraction was observed within 30
minutes after the addition db-cAMP and was transient
and spontaneously reversible. This cellular retraction is
accompanied by internalization of focal adhesions and a
distinct pattern of rearrangement of cytoskeletal elements
as visualized by confocal microscopy (Riminucci and
Bianco, manuscript in preparation). In a now classical
hypothesis derived from organ culture studies on the
effects of PTH on osteogenic cells, PTH-induced cell
retraction was postulated to occur normally before the
initiation of bone remodeling.° However, an in vivo cor-
relate of this phenomenon has never been observed in
normal human bone, probably because of the elusive-
ness of its cytological detalil in tissue sections and as a
result of its transient nature. In contrast, retracted osteo-
genic cells were reporled in endosteal surfaces in human
hyperparathyroidism,®" in which excess cAMP is an ex-
pected consequence of inappropriate hormonal levels. In
MAS. overactivity of adenylyl cyclase in the same signal
transduction pathway is the conseguence of Gsa muta-
tions in the absence of receptor-ligand interaction. This
suggests that overactivity of the same signal transduction
pathway in both hyperparathyroidism and MAS is condi-
tional to detection of the cell retraction phenomenon in
situ, as a reflection of either its increased frequency or its
prolonged temporal dimension, or both.

The cellular response to stable elevated levels of
cAMP as found in cells bearing the Gsa mutation may in
turn be the increased synthesis of such anti-adhesive
proteins as VSN and ON in the absence of the adhesive
proteins OPN and BSP, as observed here. There are
multiple cAMP response elements in the VSN promoter
and the ON promoter 32 as well as a half cAMP response
element in the BSP promoter.® The major protein in-
duced by db-cAMP in F9 teratocarcinoma cells is ON,
and interestingly, when these cells overexpress ON, they
exhibit a shift in cell shape and a reduced adhesive-
ness.®* On the other hand, PTH, which stimulates high
levels of intracellular cAMP, decreases the level of OPN
mRNA in osteosarcoma cells.®® Taken together, our in
vitro findings and our in situ data on the morphological
and biochemical phenotype of osteoblast in fibrous dys-
plasia suggest that both early and late responses to
increased cAMP contribute to establish abnormal pat-
terns of osteoblast-matrix interaction, which may be a
critical factor leading to deposition of abnormal bone in
fibrous dysplasia.
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In summary, our data provide a potential mechanism
for the development of fibrous dysplasia as a result of
Gsa mutation in cells of the osteogenic lineage. Devel-
opment of mature osteoblasts from committed precursor
cells brings about a critical increase in levels of Gsa. This
results, in the presence of mutated Gse, in excess for-
mation of cAMP, reflected in characteristic cAMP-in-
duced changes in osteoblast shape and interaction with
the extracellular matrix. This interferes with the assembly
of a structurally normal bone matrix, and peculiar textures
of the collagenous matrix are generated. Long-term ef-
fects of CAMP on mature osteoblasts dysregulate the
expression of several bone matrix proteins, resulting in a
matrix with distinct stoichiometry, in itself conducive of
loosened cell-matrix interaction. Ineffective deposition of
bone ensues, resulting in thin, abnormal, bone trabecu-
lae associated with an expanded population of pre-os-
teogenic cells. Malfunction of mature osteoblasts might
disrupt a homeostatic balance between immature (pre-
osteoblastic) and mature (osteoblastic) compartments of
the osteogenic lineage. Continued recruitment and accu-
mulation of fibroblast-like, pre-osteogenic cells would
then result in the fibrosis of marrow spaces adjacent to
bone surfaces.
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